The dorsal mesoderm in the frog Hymenochirus forms by a mechanism not previously described in any other vertebrate. Unlike its close relative, Xenopus laevis, in which the mesoderm derives entirely from the deep mesenchymal cells of the marginal zone, Hymenochirus has ''surface mesoderm'' originating in the involuting marginal zone epithelium. Fluorescently labeled grafts show stage-specific invasion of deep axial tissue by cells originally located in the surface layer. These cells participate in normal mesoderm development. In video recordings, the labeled surface area shrinks as surface cells invade the deep layer. Furthermore, the mechanism of surface mesoderm morphogenesis differs from that described in other amphibians. Scanning electron microscopy at several neurula stages indicates that prospective somite cells do not individually detach from their epithelial neighbors to ingress into the deep layer, as seen in other amphibians; instead, their basal ends adhere to the somitic mesoderm as a coherent layer, taking on somitic morphology while still a part of the archenteron lining. This novel morphogenetic process we dub ''relamination.'' Prospective notochord cells individually spread on the ventral surface of the notochord, gradually ingressing from their epithelial neighbors, but by a mechanism involving active pulling and spreading by their invasive basal ends rather than depending on apical constriction as do the corresponding ''bottle cells'' in other amphibians. Lateral endoderm migrates dorsally, replacing the relaminating surface mesoderm and fusing at the dorsal midline of the archenteron. These processes demonstrate the diversity of morphogenesis at the cellular, and presumably the molecular, level and shed light on the evolution of morphogenetic mechanisms.
INTRODUCTION
. Understanding the diversity and evolution of mesoderm morphogenesis in anurans is key to understanding the process, even in Amphibian mesoderm morphogenesis (reviewed in KelXenopus itself. ler, 1986) varies among species. In Xenopus laevis, mesoIn this study we investigate mesoderm morphogenesis derm derives entirely from the deep layer (Nieuwkoop and in Hymenochirus, the closest relative of X. laevis (family Florschü tz, 1950; Keller, 1975 Keller, , 1976 . Earlier studies (BraPipidae) so far studied. Scanning electron microscopy (SEM) chet, 1902; King, 1903; Vogt, 1929; Pasteels, 1942) showed and histology strongly suggested the presence of archenthat most other anurans have a dual origin of mesoderm.
teron roof epithelial surface cells moving into the notoMuch of the mesoderm derives from the deep layer, but chordal and somitic mesoderm in the deep mesenchymal ''surface mesoderm'' cells originate in the superficial layer, layer in the mid to late neurula stages. We tracked this undergo an epithelial-mesenchymal transition, invade the transformation dynamically with fluorescently labeled tisdeep layer, and subsequently differentiate as mesoderm, sue grafts and time-lapse video micrography. Further analycontributing to the notochord and somites. These studies sis of the morphology seen in SEM reveals a novel mechawere discounted or reinterpreted in light of the results in nism of morphogenesis differing from that described in any Xenopus (Løvtrup, 1965 (Løvtrup, , 1966 (Løvtrup, , 1975 Nieuwkoop and Sutaother amphibian. surya, 1976) , but recent studies have demonstrated the existence of surface mesoderm in other anurans (Purcell, 1992;  
MATERIALS AND METHODS

Species Identification
1 To whom correspondence should be addressed. 2 Present address: Department of Biology, University of Virginia, Adults and juveniles of an unidentified species of Hymenochirus were obtained from several local pet breeders and vendors and bred Charlottesville, VA 22903.
to produce tadpoles. Based on larval (Sokol, 1959 (Sokol, , 1962 (Sokol, , 1977 Rabb marginal zone epithelium from the host (Figs. 1A and 1B) ; the remaining embryo was transferred immediately into Sater modified and Rabb, 1963) and adult (Boulenger, 1899; Noble, 1924; Haas, 1961; Perret, 1966) characters, these individuals were identified as Danilchik's solution (Sater et al., 1994) plus 0.1% BSA. A similarly sized piece of epithelium from the same position was then removed H. boettgeri.
from the labeled donor embryo, taking special care to remove all adhering deep cells, and the explanted epithelium was gently placed
Frog Maintenance and Mating
onto the exposed mesenchymal region of the host in its normal orientation. The grafted embryos were then allowed to heal and Hymenochirus are kept in 10-liter tanks of double carbon-filtered gastrulate in the dark. Around the end of gastrulation (stage 13-tap water in a 26ЊC room, 6 to 12 to a tank, separated by sex. For 14), embryos to be cultured for a longer time were transferred into mating, 1 male and 1 female are placed together in a separate tank, 33% MBS plus 0.1% BSA. and 0.06 ml (500 IU/ml) of human chorionic gonadotropin (Sigma) is injected into the dorsal lymph sac of each. Frogs usually amplect and the female begins laying eggs after about 10 hr, laying as many
Time-Lapse Video Micrography
as 1500 eggs over a several-hour period. Eggs are 0.75 mm in diameter without their jelly coats. Embryos are dejellied by rinsing in a
To expose the archenteron roof to the camera, embryos were solution of 2% cysteine and 0.1% bovine serum albumin (BSA) ''fileted'' at stage 14-16 by inserting an eyebrow-hair knife into adjusted to pH 8.0 and then washing in 33% modified Barth's soluthe blastopore, through the archenteron and out through the antetion (MBS: Gurdon, 1977) plus 0.1% BSA. Dejellying and all subserior tip of the embryo, and then slitting all the way through the quent procedures were performed at room temperature.
ventral side along the midline (Fig. 1C) (Nieuwkoop and Faber, 1967) is adequate an inverted Nikon microscope and viewed under low light with for the stages considered here (through early tailbud). Though the epifluorescence, and images were recorded with a Hamamatsu SIT shape of the blastopore in the early gastrula differs (Minsuk, 1992, camera, Image 1 image processing software (Universal Imaging 1995), gastrula stages could be identified according to the angle of Corp.), and a Panasonic optical memory disk recorder. arc through which the bottle cell pigment line and blastopore lip formation had progressed. In neurula and tailbud stages, the anus moves ventrally and the tailbud begins to form comparatively early;
Fixation and Histology
staging was entirely by the progression of neural fold formation and fusion and the development of head structures.
Specimens were fixed in MEMFA (0.1 M Mops, pH 7.4, 2 mM EGTA, 1 mM MgSO 4 , 3.7% formaldehyde), dehydrated through an ethanol series or transferred directly into 100% ethanol, cleared in
Scanning Electron Microscopy (SEM)
Histosol, embedded in Paraplast, and sectioned at 10 mm. SEM was done as previously described (Keller and Danilchik, 1988) with the addition of postfixation in 1% OsO 4 in 1 M sodium cacodylate buffer, pH 7.4, for at least an hour, prior to fracturing.
RESULTS
Lineage Tracing of Archenteron Roof Superficial Embryo Labeling Cells Reveals Their Mesodermal Fate
Embryos were labeled with 70-or 10-kDa, lysine-fixable fluoresIn order to demonstrate the movement of superficial cells cein-conjugated dextran amine (Molecular Probes; Gimlich and to the deep layer and their mesodermal fate, we grafted super- Braun, 1985) . Embryos at the 1-, 2-, and 4-cell stages were placed in 100% MBS plus 0.1% BSA and 5% Ficoll. Label was air pressureficial tissue from fluorescently labeled donors into unlabeled injected into all blastomeres of each embryo using a micropipet hosts as described under Materials and Methods. This enabled needle mounted on a micromanipulator, similar to the method us to map the fates of the labeled cells and to follow their previously described (Keller and Tibbetts, 1989 Table 1 ). These behaved similarly to the dorsal grafts. In the early neurula, fluorescent tissue ended up in the dorsolateral archenteron roof epithelium and the dorsolateral superficial layer of the ectoderm, with no label visible in the deep layers. In the later (tailbud) stages, labeled cells appeared in the somites in all embryos, but in only one case did they appear in the notochord. Labeled cells that remained in the epithelium occupied a strip at or near the midline. The lateral grafts have therefore undergone a large amount of convergence toward the midline, occupying a final dorsal-ventral position largely overlapping that of the dorsal grafts. These data confirm the stage-specific nature of the cell movement into the deep layer. Furthermore, they suggest that the final location of labeled mesoderm cells (in notochord or in somite) reflects their site of origin in the roof epithelium (mid dorsal or dorsolateral) and that presumptive endoderm lateral to Fluorescent DMZ epithelial grafts were performed as above, and embryos were ''fileted'' at the early neurula stage to expose the archenteron roof for time-lapse video microgcells that could be counted in the tissue in question (notoraphy (see Materials and Methods). Labeled superficial cells chord or somite), making this all-or-none scoring possible.
are bright and easy to focus, while labeled cells in the deep Dorsal grafts. Twenty-three dorsal grafts (Figs. 1A and layer must be viewed through the epithelium, so they are 1B) were fixed at late gastrula to mid tailbud stages and dim and cannot be focused sharply. Therefore, the bright analyzed (Table 1) The fact that the controls ( Figs until 11 hr (Fig. 3C) 
Roof and Mesoderm
deep layer and suggesting the nature of the cellular mechanisms of these movements. We examined normal unoperated embryos with SEM and observed the archenteron roof and the underlying dorsal
The mid to late neurula roof consists of three distinct longitudinal zones: two lateral zones separated by a midline Along the dorsal midline, between the bilateral paraxial zones, lies a strip of epithelial cells which we refer to as the zone. The edges of each zone are indicated by sharp morphological boundaries (Fig. 4A) . The apical surfaces of the cells axial zone. Some of these cells appear to be in the process of leaving the surface to join the notochord, but they display within the lateral zones appear flatter than those elsewhere. These zones extend along the posterior half of the embryo a morphology different from that of the paraxial zone cells joining the somites. Individual cells scattered along the ex- (Fig. 4A) , narrowing from an initial width of about four cells at stage 15 down to only one cell before finally disappearing act midline of the roof appear much smaller than their immediate neighbors in a surface view (Fig. 4A ). Fractures at the late neurula stage.
Fractures through the dorsal axis reveal that the cells through the dorsal axis ( Fig. 6A ) reveal that these cells are as large as their neighbors; only their apical surfaces are within the lateral zones belong to the paraxial or somitic mesoderm and form its ventral surface, which is exposed reduced, most of the cell body being hidden from the surface. These cells are spread out over the deep cells of the to the lumen of the archenteron (Figs. 4B and 4C ). We refer to these zones of luminal somitic epithelial cells as the notochord, extending lamellipodia laterally from their basal ends (Fig. 6) . In contrast to the flattening of the apical surparaxial zones. These cells are well integrated into the somite structure (Figs. 4B and 4C ), yet share the epithelial faces in the paraxial zone, these cells bulge outward into the archenteron lumen (Figs. 4A and 6 ). The remaining axial character of the surface layer, as indicated by the tightly sealed margins of the cells (Figs. 4A, 4C , and 5). Outside zone cells are situated lateral to these midline cells but medial to the paraxial zones (Fig. 6A) . They have typical these zones, the epithelium of the archenteron wall is independent of the deep layer (Fig. 4B ) and constitutes the lateral epithelial morphology and have little if any contact with deep notochordal cells. They may leave the surface at a later endodermal crests (Vogt, 1929) . The paraxial zone cells are continuous with the endodermal crests (Fig. 5A) as well as time, or they may remain in the surface and differentiate as endoderm. with the medial zone cells and are therefore simultaneously part of the somite and part of the epithelial lining of the In the further developed anterior trunk region of a stage 15 embryo, where the notochord has already taken on a archenteron. Histological sections (not shown) confirm the novel morphology seen in SEM. This morphology suggests cylindrical shape and the individual cells have begun to take on their characteristic pizza-slice geometry (Fig. 6B) , that the paraxial zone cells are in the process of moving from one layer to the other (though it does not logically the invasion of the notochord by midline axial zone cells is also more advanced. Some cells have the same geometry indicate which tissue is their source and which is their destination). Taken together with the results of our grafting as more posterior ones (Fig. 6B , solid arrow), with small constricted apices exposed to the lumen while their basal and video recording experiments, this strongly suggests they are moving from the roof epithelium into the deep, ends are spread on the notochord. Other cells, however, are similarly spread on the ventral notochord surface, but mesenchymal somitic mesoderm.
In some specimens, the endodermal crests and the somiwithout any luminal apex (Fig. 6B, open arrows) . These cells seem to be within the cylindrical outline of the notochord, tic mesoderm fortuitously separated from each other during fracturing. In these cases, the paraxial zone cells always but they have not taken on pizza-slice morphology as have the other notochord cells, instead sitting as crescents on stayed integrated with the somite, probably due to the greater contact they share with other somitic cells than the ventral surface. This suggests that individual axial zone cells have recently ingressed from the surface to become with the neighboring endodermal cells. These epithelial cells are distinguishable from the mesenchymal cells deep cells and are in a transient state prior to taking on typical notochord cell morphology; crescent-shaped cells within the somites by their different size, shape, and surface morphology (Figs. 4C and 5) . Their distinct morphology, are not seen in this position at later stages (data not shown). Similar crescent-shaped ventral notochord cells can occaalong with their structural integration with the somitic mesoderm, further support the conclusion that they have sionally be seen in fluorescently grafted embryos of the same stage. Like those seen in SEM, these cells may be an independent, epithelial origin and are in the process of becoming deep and somitic.
completely deep, separated from the archenteron lumen by intervening superficial cells (Fig. 2H ), or they may bulge phogenetic mechanisms that raise important issues for the understanding of mesoderm morphogenesis and its evolucentrally out into the lumen (Fig. 2I) .
By stage 20, the superficial and deep layers (definitive tion. endoderm, and mesoderm, respectively) are once again distinct. The superficial layer is homogeneous with no hint of
Xenopus Is Unusual in Lacking Surface Mesoderm
special zones, just as in X. laevis.
Early histological work on amphibian mesoderm morphogenesis (reviewed in Brachet, 1902, and King, 1903 ; also Goodale, 1911; Ruffini, 1925) established that the surface DISCUSSION layer of the involuted material contributes to mesoderm in all of the urodeles studied, but opinion was divided on The present study demonstrates that Hymenochirus, unlike its close relative, X. laevis, has surface layer contribuwhether this was also the case in anurans. Later, true fate mapping studies using vital dyes consistently found surface tions to both notochord and somite. Furthermore, the invasion of the deep layer by surface cells involves novel mormesoderm in additional, previously unstudied species, both urodele (Vogt, 1929; Nakamura, 1938; Pasteels, 1942) and as has been demonstrated in other anurans. Grafting experiments support this hypothesis. Grafted cells invade the noanuran (Vogt, 1929; Wintrebert, 1930; Pasteels, 1942) . X. laevis turns out to be an exception, forming its mesoderm tochord and somites and develop normally, indicating active participation in tissue differentiation; nonparticipating entirely from the involuted deep cells, while the involuted superficial layer forms the endodermal lining of the archencells placed within developing notochord do not just get passively squashed into normal notochord cell shape, but teron (Nieuwkoop and Florschü tz, 1950; Keller, 1975) . This led to the overgeneralization that the X. laevis results were are squeezed out of the structure (Domingo and Keller, 1995) . applicable to all anurans (Nieuwkoop and Sutasurya, 1976) or even to all amphibians (Løvtrup, 1965 (Løvtrup, , 1966 (Løvtrup, , 1975 . With
There is a rough correlation between the graft location and the final position of the labeled mesoderm. Dorsal grafts the ascendence of this species as the predominant model system for amphibian development, the existence of surface contribute significantly to both notochord and somite, while lateral grafts contribute mostly to somite. This sugmesoderm and its morphogenetic mechanism became a nonissue. It was pointed out, however, that results in X.
gests that invasion of the mesoderm is local, without longdistance migration of cells mediolaterally once they join laevis could not be assumed to apply to other species without further evidence, and it was predicted that greater diverthe deep layer. This is consistent with the two separate populations of invading cells observed in SEM, an axial popsity would be found in amphibian gastrulation mechanisms than is commonly acknowledged to exist (Keller, 1976) .
ulation that invades the notochord, and bilaterally paired paraxial populations that invade the somites (Fig. 7) . Modern studies have borne out this prediction, revealing the presence of surface mesoderm in several anurans (PurThe behavior of grafted cells does not directly prove that normal endogenous cells behave the same way. However, cell, 1992; Purcell and Keller, 1993; Delarue et al., 1994) as well as in urodeles (Lö fberg, 1974; Smith and Malacinski, invasion of the deep layer is stage-specific, with the cells remaining superficial through stage 14, after grafting at 1983; Brun and Garson, 1984; Lundmark, 1986; . We see the diversity of mesoderm morphogenesis stage 10 to 10.5. If the invasive behavior were abnormal, due to the experimental manipulation, it would most likely as an opportunity for alternative approaches to issues of morphogenetic mechanism and its evolution. occur immediately after grafting. Furthermore, the morphological features seen in intact embryos in SEM appear at stage 15, exactly coinciding with the timing of the invasion
Hymenochirus Has Surface Mesoderm
tracked in the grafting experiments. These facts convince us that the invasive activity represents the normal endogenous Hymenochirus archenteron roof morphology suggests the movement of surface cells into the notochord and somites, activity of archenteron roof cells. Purcell and Keller, 1993; Delarue et al., 1994) . Our results suggest that Hymenochirus uses both strategies, one in the paraxial and one in the axial zone. In the paraxial zones, superficial cells appear to change their relationships to neighboring tissues en masse (Figs. 7A and 7B) . Within the boundaries of each zone, all the cells develop an affinity for the deep somitic cells and adhere to those deep cells, integrating into the structure of the somites even while they retain their epithelial properties, remaining tightly attached to one another at their apical surfaces (Fig. 7B) . This mechanism of moving presumptive mesoderm cells from the surface to the deep layer has not previously been described for other amphibians. It is distinct from the familiar morphogenetic processes such as ingression, invagination, and involution and requires a new name. We dub this process ''relamination.'' (We use ''invasion'' as a general umbrella term to indicate movement of cells from superficial to deep without reference to the mechanism, be it relamination, ingression, or some other alternative.)
Subsequent to this rearrangement the paraxial zones narrow, accompanied by the movement of the lateral endodermal crests to the dorsal midline, where they fuse, closing up the gap between them and recreating a smooth, intact epithelium (Figs. 7B-7D ). The relaminated cells end up deep and mesenchymal (Figs. 7D and 7D ). Individual cells in the paraxial zones lack rounded, constricted apices (Fig.  4A ), but they do narrow mediolaterally (Fig. 4C, inset) , suggesting that they secondarily undergo a progressive removal (or transformation) of apical membrane inward from the medial and/or the lateral boundaries, until their apical surfaces are eliminated and the cells dissociate from the neighboring epithelia (Figs. 7B-7D ). Since the leading edges of layer by a mechanism distinct from that of the paraxial Open arrows indicate crescent-shaped deep cells without luminal zones (Fig. 7) . Individual cells leave the surface one at a apices, but also without the typical flattened notochord cell shape. their connection to neighboring cells. Though this constitutes ingression, the mechanism at the cellular level appears to be different from that proposed for apically constricting archenteron roof cells in other species. In Hymeno-
Cellular Mechanisms of Mesoderm Invasion
chirus, these cells spread their basal ends over the surface of the deep notochord cells (Figs. 6 and 7) , suggesting that How do surface cells find their way into the deep layer? Early observations (Brachet, 1902; King, 1903; Vogt, 1929) the ingressing cells actively crawl, pulling themselves out of the epithelium. In contrast, surface-derived notochord were consistent with the formation of a gap in the surface layer as the presumptive mesoderm separates from the decells in other amphibians (Lö fberg, 1974; Purcell, 1992; Purcell and Keller, 1993) , as well as in sturgeon (Bolker, 1993) , finitive endodermal regions (the ''lateral endodermal crests ''; Vogt, 1929; Brun and Garson, 1984) . But modern are elongated in the apical-basal axis, with rounded basal ends (Fig. 8, top) . This morphology is similar to that of studies (in different species) showed instead an alternative mechanism, the individual ingression of cells without any the bottle cells of the blastopore lip, suggesting that their elongation is passive, dependent upon active constriction rupture in the surface layer (Holtfreter, 1943; Purcell, 1992;  at their apical ends (Hardin and Keller, 1988) . The active crawling of Hymenochirus surface notochord cells may be sufficient to cause ingression without such active, forcegenerating apical constriction.
Immediately after ingressing, some cells adhere to the ventral surface of the notochord as crescents (Fig. 7C) . This is probably a transient state for ingressed cells prior to adopting typical notochord cell morphology (Figs. 7D and 7D) .
Only cells at the exact midline of the axial zone are seen ingressing (Figs. 6A and 7B) . The neighboring cells must spread to take up the area the midline cells vacate (Figs. 7B and 7C, cells marked with ''?''), but the ultimate fate of those neighboring cells is not known. They may subsequently ingress after taking up midline positions (Fig. 7D) . But the axial zone does not narrow as the paraxial zones do (Figs. 7B and 7C ), so the remaining surface cells may fuse with the endodermal crests, remain superficial, and differentiate as endoderm (Fig. 7D) . The axial zone prior to ingression (Fig. 7A ) would then be a mixed population of cell fates.
The Evolution of Cellular Mechanisms
Our results suggest a model of pipid mesoderm morphogenesis and the sequence of modifications leading to current diversity (Figs. 8 and 9 ). Ancestral anurans probably did have surface mesoderm (Purcell, 1992; Purcell and Keller, 1993) , since it occurs not only in most anurans, but also in all urodeles as well as in the chondrostean fishes, which gastrulate in the amphibian rather than the teleost fashion (Ballard and Ginsburg, 1980; Bolker, 1993) and even in some amniotes (mouse but not chick; Sulik et al., 1994) . Since the genera Hymenochirus and Xenopus are sister taxa relative to the other anurans studied (Fig. 9; Duellman and Trueb, 1986; Cannatella and de Sá , 1993) , and Hymenochirus has surface mesoderm, the most likely scenario under outgroup analysis and the criterion of parsimony (Harvey and Pagel, 1991) is that the common ancestor of these two species also had surface mesoderm; the evolutionary loss of this feature would have occurred after the split, in the lineage leading to X. laevis.
Among vertebrates having surface mesoderm, invasion mechanisms vary. For example, in urodeles the notochord forms by an entirely different mechanism from those considered here. The surface layer invaginates, its constricting cell apices ending up at the center of the notochord, while the endodermal crests remain attached to the notochord, fusing at the midline in a process reminiscent of neural fold fusion (Lö fberg, 1974; Brun and Garson, 1984) . Notochord morphogenesis in the mouse (Sulik et al., 1994) nisms of invasion are not universal, but can vary fundamentally among different species, and even among different regions of the embryo within a single species. Relamination in the paraxial zone of Hymenochirus is fundamentally different from ingression, and ingression itself is not a simple universal process, but can occur by mechanisms as different as the apically driven elongation proposed for Ceratophrys ornata (Purcell, 1992; Purcell and Keller, 1993) and the basolateral invasive crawling we see in the axial zone of Hymenochirus. An evolutionary model must account for this diversity of mechanism.
C. ornata surface mesoderm invades in distinct axial and paraxial zones similar to those in Hymenochirus, but in both regions invasion is by ingression (Fig. 8, top ; Purcell and Keller, 1993) . Ingressing surface mesoderm cells must deepithelialize and must also interact mechanically with the underlying deep cells. Surface cells in X. laevis have lost both behaviors: they remain epithelial, and fail to interact mechanically with the deep cells. Our results in Hymenochirus demonstrate that these features are dissociable: paraxial zone cells adhere to the deep cells and become structur- species shown are those that have been the subject of modern studXenopus is believed not to have surface mesoderm, either in the ies, and for which those studies have given evidence not only of notochord or in the somites. The relaminating surface somite of a the presence or absence of surface mesoderm, but also of its mechapipid ancestor could have been subsequently transformed, in the nism of invasion if present. A. mexicanum: Lundmark (1986) ; B. lineage leading to X. laevis, by the loss of affinity for the deep cells orientalis, C. ornata, P. adspersus: Purcell (1992), Purcell and Keller or by the loss of the ability to interact mechanically with those (1993); R. pipiens: Delarue et al. (1994) ; X. laevis: Nieuwkoop and cells. The superficial cells would then remain in place and differenFlorschü tz (1950), Keller (1975 Keller ( , 1976 , Minsuk (1995) , Minsuk and tiate as endoderm.
Keller (in preparation); H. boettgeri: this study and Minsuk (1995) . Mechanism of invasion of the surface-derived somite cells is indicated in bold. R, relamination; I, ingression; dash, no surface mesoderm. Relationships from Duellman and Trueb (1986) . This study has shown that even among anurans, mecha-
